While some neurons are tuned to integrate fast and precisely timed inputs, others set behavioral states on much slower timescales. In this issue of Cell, Branco et al. demonstrate that body weight is regulated by hypothalamic neurons using a highly effective form of slow synaptic integration, which is mediated by the voltage gated sodium channel Na v 1.7.
While some neurons are tuned to integrate fast and precisely timed inputs, others set behavioral states on much slower timescales. In this issue of Cell, Branco et al. demonstrate that body weight is regulated by hypothalamic neurons using a highly effective form of slow synaptic integration, which is mediated by the voltage gated sodium channel Na v 1.7.
Appetite rarely attacks in a fast and unexpected manner; it rather crawls slowly into our awareness. In the brain, appetite and hunger are mediated by changes in the electrical activity of interoceptive neural circuits in the hypothalamus.
In this issue of Cell, Branco et al. (2016) investigate the synaptic integration performed by hypothalamic AGRP, POMC, and PVH neurons, three neuron types involved in appetite regulation (Sternson et al., 2005) . The authors find that these neurons process excitatory inputs in a way that is fundamentally different from conventional forms of synaptic integration. In most neurons, individual postsynaptic potentials decay to baseline levels very rapidly, commonly in less than 100 ms. Thus, synchronous excitation from tens to hundreds of synapses is usually necessary to elicit neuronal firing. In marked contrast, this study shows that, in hypothalamic AGRP, POMC and PVH neurons' excitatory postsynaptic potentials (EPSPs) are massively prolonged. In this way, the neurons can transform even sparse excitatory inputs into action potential firing in a remarkably effective manner. In some cases, less than five individual synaptic inputs, distributed over a full second, evoked action potential output. The EPSPs in the hypothalamic neurons could last for up to 500 ms. Since this is about 10-fold longer than expected from the membrane time constants of these cells, the authors presumed that an active amplification of the excitatory inputs by ion channels was responsible for this EPSP prolongation. Indeed, in acute slice experiments, Branco et al. (2016) found that a persistent sodium current, mediated by the alpha subunit 1.7 (Nav1.7/SCN9a), specifically prolonged the excitatory postsynaptic potentials.
The key experiment, however, is the in vivo demonstration that hypothalamic PVH neurons can indeed amplify synaptic inputs ''near-perfectly.'' Moreover, without this form of integration, the low input frequencies that are observed in vivo would likely be insufficient to drive any relevant action potential output of these cells. Interestingly, the conditional deletion of Na V 1.7 in AGRP and POMC neurons not only resulted in reduced EPSP durations and less effective integration, but also had profound effects on the body weight regulation of the mice: while Na V 1.7 deletion and the loss of ''near-perfect'' integration in AGRP neurons caused a loss of body weight, the same manipulation in POMC neurons had the opposite effect on body weight (Figure 1 ). AGRP and POMC neurons in the hypothalamic arcuate nucleus receive information about the availability of food. Their activation promotes or inhibits food seeking behavior, respectively (Chen et al., 2015) .
It is surprising that hypothalamic neurons actively transform fast and precise signals from chemical synapses into slow and imprecise membrane potential depolarizations. A recent study on AGRP and POMC neurons might shed additional light on the potential physiological role of this specialized form of synaptic integration. Chen et al. (2015) showed that the state of activation of both cell-types was modulated on a slow timescale by hunger. Remarkably, just before the animals started eating, at the time point when attractive food was presented, the activity of AGRP and POMC neurons changed rapidly to different but constant activity levels. One explanation for this fast change of output rate is that AGRP and POMC neurons, in addition to slow hormonal regulation, receive real-time information about the attractiveness and availability of food on a faster timescale. This information might be provided by synaptic input. ''Near-perfect'' integration could then effectively transform the transient information on the attractiveness of food into a stable change of output frequency.
With ''near-perfect'' integration, hypothalamic AGRP, POMC, and PVH neurons can sum up even sparse and imprecisely timed individual excitatory synaptic inputs in order to reach action potential threshold. Many other neuron types require multiple and highly synchronous inputs to generate output. They function as coincidence detectors for which precise input timing is key. Does input timing generally play a subordinate role in hypothalamic hunger-related circuits? This might not necessarily be the case. Additional fast integration mechanisms tuned for coincidence detection could be present within the same cells. Interestingly, Branco et al. (2016) found that 20% of the EPSPs in AGRP neurons were not prolonged. The authors speculated that the presence of fast and slow EPSPs in the same neuron might result from inputs that target different dendritic sites of these cells. The expression of the ion channels that mediate EPSP prolongation might be restricted to specialized dendritic compartments. Thus, excitatory inputs could be processed in an input-site specific manner.
In the peripheral nervous system, prolonged subthreshold depolarizations requiring persistent sodium and calcium currents have also been described (Prescott and De Koninck 2005) . Similar to AGRP, POMC, and PVH neurons, the neurons of the lamina I in the spinal dorsal horn favor effective integration over coincidence detection and are thus optimized to encode stimulus intensities over long timescales. Other non-synaptic forms of slow integration also exist. For example, some hippocampal and neocortical interneurons can slowly integrate axonal action potentials resulting in firing rate changes over the time course of minutes (Sheffield et al., 2011) . It therefore becomes increasingly clear that the diversity of integration mechanisms might be specifically tailored to the individual circuit function of a neuron type. For AGRP, POMC, and PVH neurons this function might be to provide continuous influence on appetite and body weight by generating constant spike rates in response to few, temporally sparse inputs. For other hypothalamic neurons, amplification of multiple coincident inputs, while filtering out temporally sparse inputs, could be more important.
Persistent sodium currents amplify subthreshold depolarizations in several neuron types (Crill 1996 , Yue et al., 2005 . While Na V 1.7 expression in the hypothalamus has been previously shown (Morinville et al., 2007) , its function in hypothalamic neurons has not been explored until now. By knocking down Na V 1.7 in hypothalamic AGRP, POMC and PVH neurons specifically, Branco et al. (2016) demonstrate that the prolonged integration window is lost and with it, the ability to regulate body weight. Humans without a functional Na V 1.7 subunit lack the sense of smell and are unable to feel pain (Cox et al., 2006 , Weiss et al., 2011 , suggesting that Na V 1.7 may be an interesting drug target for novel analgesic compounds. However, the demonstration that functional Na V 1.7 channels in hypothalamic neurons are critically involved in body weight regulation could hint toward potential side-effects. Since Na V 1.7 is expressed in AGRP, POMC, and PVH neurons, which have partially opposing effects on appetite regulation, the neteffect of an overall block of Na V 1.7 has yet to be established.
In conclusion, the study of Branco et al. (2016) provides novel, exciting insights about how single ion-channels can control the function of neurons, neural circuits, and ultimately behavior. It elegantly expands the repertoire of synaptic integration mechanisms found in the brain, by introducing a highly effective synaptic integration on an extended timescale that is mediated by a Na V 1.7 persistent sodium current.
